Abstract : Velocity perception is important in safety, traffic jam relaxation, and concentration and drivability enhancement while driving automobiles. This paper study the control of velocity perception by using vibrotactile stimulation. We have focused on vibrotactile stimulation since tactile stimulation can be reasonable and be privately given to a driver. First, the seat vibration is measured using an actual vehicle to discover available stimulation of changing velocity perception. The result shows the peak frequency clearly increases with the rise of velocity while the intensity roughly increases. Then we investigate the influence of intensity or frequency-shifted vibrotactile stimulation on velocity perception by using a driving simulator reflecting actual vehicle characteristics. An experimental result shows a possibility of changing velocity perception by using frequency-shifted vibrotactile stimulation.
Introduction
In order to keep safety driving, prevent traffic jam and enhance drivability, drivers need to perceive the vehicle velocity while driving. Excessive speed provokes car accidents. The adaptation on the highway promotes misrecognition of the vehicle speed on normal roads. When changing from a highway to a normal road, drivers tend to perceive the current velocity to be slower than the actual velocity. In addition, the misrecognition of vehicle velocity causes traffic jams. A velocity difference between the preceding and succeeding cars makes a traffic jam at a sag, where the slope changes from down to up [1] , as shown in Fig. 1 . Generally, vehicle velocity tends to increase on a downslope and decrease on an upslope. If the driver of a lead vehicle does not recognize the decreasing velocity on an upslope and does not control the accelerator, the following vehicle, which is faster than the lead vehicle, decreases the velocity to avoid a collision. Furthermore, the following vehicles decrease their velocity in sequence creating a traffic jam. On the other hand, adequate perception of the vehicle velocity lets drivers have fun while driving and enhances the drivability.
From these backgrounds, the control of velocity perception might be useful for driving as follows: 1) Improvement of velocity perception. Making drivers perceive to be slower or faster than the real velocity could promote suitable velocity when leaving an expressway or on a sag [2] , [3] . 2) Cue to concentrate on driving. A major change of velocity perception might help drivers pay attentions to their driving when they are not concentrating. 3) To switch a vehicle impression: Change of velocity perception might give different vehicle impression like switching to a different type of vehicle.
Generally, to recognize the correct speed while driving, drivers use a speedometer guaranteed precision by the manufacturer because humans do not have the sensor to perceive veloc- ity directly. However, drivers do not always see the speedometer and it seems that the vehicle velocity can be mostly estimated by visual information of an optical flow [4] , auditory information of engine sound, and tactile stimulation on the seat and steering while driving. Thus, visual, auditory and tactile cues could affect perception of the velocity.
The control of the velocity perception using visual information has been proposed. According to Warren, optical flow in peripheral vision affects velocity perception [4] . Han et al. proposed a method called Optical Dots System to control the vehicle velocity [5] , [6] . These optical flow researches have indicated that the control of velocity perception might be available for preventing traffic accidents and traffic congestion.
We have focused on vibrotactile stimulation because of the following reasons. Regarding the use of visual stimulation, a lot of time and money is required to establish infrastructures for visual stimulation, and the increase in visual stimulus may interfere with driving. Auditory stimulation interrupts communication among a driver and passengers, listening to the music or radio, audio guidance from a navigation system and so on. On the other hand, tactile stimulation does not require infras-tructure (modification of vehicle) and can be given with a little extra information for the driver privately and surely. Thus, tactile stimulation has the advantage as compared with visual or auditory stimulation.
Vibrotactile stimulation has been often proposed for navigation and grabbing attention. For example, Telpaz et al. proposed a method using vibrotactile stimulation to make the driver aware of their surrounding traffic during automated driving [7] . Kurihara et al. had studied an accelerator pedal with periodic tactile feedback to increase controllability [8] . However, there is no study to control velocity perception using vibrotactile stimulation as far as the authors know.
Thus, we study the control method of velocity perception by vibrotactile stimulation. Our previous study investigated the possibility of changing velocity perception by controlling the frequency and amplitude of vibrotactile stimulation on the seat [9] . The result indicates the possibility that velocity perception can be controlled by frequency. However, the previous study has not considered the vibration characteristics of the actual vehicle. The current paper introduce an improved experiment. In this paper, we study that the feasibility of changing velocity perception is evaluated by vibrotactile stimulation in reflecting the actual vehicle characteristics through experiments using a driving simulator.
Measurement of Seat Vibrations

Overview
We conducted a measurement of accelerations of the seat which a driver contacts in driving using an actual vehicle to observe the characteristics of tactile stimulation while driving. As a result, we found that the peak frequency and intensity in the seat vibration changed according to the vehicle velocity.
Equipment and Infrastructure
The vehicle shown in Fig. 2 which is AURIS RS (Toyota Motor Corporation) with six speed manual transmission, was used for the measurement. An acceleration sensor was located on the seat back as shown in Fig. 3 . Figure 4 shows the system blocks, which is composed of a PC using LabView2014 (NI) to record accelerations, DAQ (NI, USB-6229 Pinout) to convert from analog values of acceleration to digital values, an amplifier (NEC Multi-ace 6G01), and an accelerometer (Bruel&Kjaer type4393). The measurement was conducted in the test course road at DENSO Nukata test center.
Experiment and Analysis
While taking the measurement, the vehicle velocity was changed from 40 km/h to 120 km/h by 10 km/h and the transmission was changed from the second gear to the sixth gear on a straight road of the test course.
Collected acceleration data was calculated in order to detect characteristics of frequency and intensity. In frequency analysis, the acceleration per 1 Hz was calculated using the function of FFT analyzer in Labview2014. The vibration intensity is calculated as RMS(Root Mean Square). RMS was given as
where N is the number of data and a t is the acceleration. The measured period is 10 s and the sampling time was 0.1 ms. Figure 5 shows the calculated frequency characteristics of acceleration at the conditions of 50 km/h, 60 km/h, and 70 km/h in the third gear, respectively. The peak of the frequency increases when the vehicle velocity rises. Figure 6 shows the relation between the velocity and the peak frequency at each gear with each resulting correlation coefficient, which has a strong positive correlation for all the gears. The correlation coefficients R in all the gears were larger than 0.99. The mean correlation coefficient was 0.998 ± 0.001. Figure 7 indicates the relation between the velocity and the intensity which is converted to decibel (dB) based on the intensity of 60 km/h in the second gear. The resulting correlation coefficient also shown for each gear in Fig. 7 . The mean correlation coefficient was 0.801 ± 0.148, but the correlation coefficients R were varied from 0.565 to 0.967 in all the gears, as shown in Fig. 7 . The relation seems to have a weak correlation compared to the frequency result.
Results
The results shows that the peak frequency clearly increases while the intensity roughly increases as the velocity rises.
Psychophysical Experiment
Outline
From the previous measurement of the seat vibration while driving, we observed that the frequency and intensity in the seat vibration changed according to the velocity. Hence, we evaluated the change of velocity perception by controlling the frequency or the intensity of the seat vibration using a driving simulator. 
Equipment
The driving simulator (FORUM8, UC-win/Road-Drive Simulator) was used in the experiment, as shown in Fig. 8 . The driving simulator is composed of a processing computer, a screen to display driving scene, and a cockpit consisting of a steering wheel, a gas pedal, a brake pedal and a seat having a vibration speaker and an amplifier to give vibration on back. Figure 9 shows the system block, which is composed of the driving simulator, Labview2014 (Nl) which generates vibration wave, and an equalizer (MXR M108) to adjust amplitude. The driving scene is a straight road having some houses randomly located every several hundred meter without the white line which distinguishes driving lane. In this experiment, the white line was excluded from the driving scene because the white line in the simulator draws undesired attention to drivers, which leads to precise estimation of the velocity. Generally, a human drives looking at a distant place or around the vehicle in the actual driving, and it is hard to gaze a point of view because of danger and scariness.
Conditions
In this experiment, we prepared a reference condition, two test conditions of frequency-shifted vibrotactile stimulation and two test conditions of intensity-shifted vibrotactile stimulation, whose characteristics were based on the experimental result of the seat vibration at the actual vehicle.
A vibration waveform for the driving simulator was generated by combining a sinusoidal wave with white noise in order to simulate the seat vibration of actual vehicle. The frequency of the sinusoidal wave was changed by the vehicle velocity. Figure 10 shows the measured frequency characteristics of acceleration of the driving simulator and the actual vehicle. Their frequency characteristics correspond roughly between 60 Hz and 250 Hz. The reference condition has the same frequency characteristic in Fig. 6 and the same intensity characteristic in Fig. 7 at the second gear. Figure 11 shows the intensity charactoristic of the actual vehicle at the second gear in Fig. 7 , the original intensity characteristic of driving simulator and the modifid intensity characteristic of the driving simulator. The intensity charactoristic of the actual vehicle is approximated by the line y = 0.13x − 8.8 where y is the intensity and x is the velocity. The modifid intensity characteristic of the driving simulator was corrected by the regression line and is used for the intensity characteristc of the reference condition. The intensity of reference condition was adjusted with Labview2014 for each velocity.
Conditions A and B indicate frequency-shifted vibrotactile stimulation. Intensity characteristics of Conditions A and B are presented in Fig. 12 (a) . The intensity characteristics of both the reference condition and Conditions A and B are the same regardless of the velocity. Figure 12 (b) shows the frequency characteristics of both the reference condition and Conditions A and B. The reference condition is approximated by the line y = 2.4x − 5.6 where y is the frequency and x is the velocity based on the frequency characteristic at the second gear in Fig. 6 . In Conditions A and B, the frequencies were shifted by plus or minus 24 Hz as compared with the reference condition. The frequency shift of 24 Hz is corresponds to the variance of vibration frequency by 10 km/h of velocity.
Conditions C and D indicate intensity-shifted vibrotactile stimulation. Intensity characteristics of Conditions C and D are presented in Fig. 13 (a) . The reference condition is approximated curve as shown in Fig. 11 . In Conditions C and D, the intensity was shifted by plus or minus of 1.3 dB as compared with the reference condition. The intensity shift of 1.3 dB is corresponds to the variance of vibration intensity by 10 km/h of velocity. Figure 13 (b) shows that the frequency characteristics of Condition C, D and the reference condition are the same regardless of the velocity.
Procedure
Twelve participants with the mean age 35 ± 7, the maximum age 48, and the minimum age 27 conducted the both experiments using the frequency and intensity shifts. On behalf of all participants started from the experiment in the frequency and the other half started from the experiment in the intensity. They operated the vehicle to set the velocity at 60 km/h without using the speedometer on the driving simulator, and the velocity was measured when they perceived the velocity to be 60 km/h.
In the frequency-shifted experiment, first, the participants drove the vehicle at 60 km/h with the speedometer on the straight road in approximately five minutes in the reference condition. Second, the participants drove and had to adjust the velocity from 80 km/h of initial velocity to 60 km/h of the target velocity without the speedometer in Conditions A and B or the reference condition. The participants had to answer when they perceived the velocity to be 60 km/h, and the velocity was recorded at that time. Then, the participants drove the vehicle at 60 km/h using speedometer again for a few minutes in the reference condition. After that, the participants drove and had to adjust the velocity from 40 km/h of initial velocity to 60 km/h of the target velocity without the speedometer in Conditions A and B or the reference condition. In the same way, when the participants perceived the velocity to be 60 km/h, the velocity was recorded. This trial was conducted three times for each condition. The twelve participants accomplished all the trials. The order of Conditions A and B and the reference condition was randomized over the participants. In the same way, the twelve participants conducted the intensity-shifted experiment. The order of Conditions C and D and the reference condition were conducted randomly over the participants.
The resulting mean velocity for each condition was calculated for each participant from total six trial. Multiple comparisons by using pared t-tests with Bonferroni correction were conducted to compare results of the two test conditions with the result of the reference condition for the frequency-shifted experiment or the intensity-shifted experiment. The significance level was set at 0.05. Figure 14 shows the mean velocities when each participant perceived to be 60 km/h and their standard deviations in Conditions A and B and the reference condition. Figure 15 shows the mean velocities from all the participants for Conditions A and B and the reference condition and their standard deviations.
Results
There is a significant difference between Condition B and the reference condition (t 11 = 4.5, p = 0.001). The velocity in Condition B is larger than 60 km/h. It follows from this result that the participants perceived the velocity to be slower than the actual velocity in Condition B. There is no significant difference between Condition A and the reference condition, but considering the tendency in Fig. 14 , it seems that the velocity in Condition A tends to be smaller than that in the reference condition. Figure 16 shows the mean velocities when each participant perceived to be 60 km/h and their standard deviations in Conditions C and D and the reference condition. Figure 17 shows the mean velocities from all the participants for Conditions C and D and the reference condition and their standard deviations. There is no significant difference in each condition. From Fig. 16 and Fig. 17 , it seems that the tendency of the result varied among participants.
After the experience, the participants were asked about their feelings during driving the driving simulator. Some participants answered that it was difficult to adjust to 60 km/h. However, all the participants did not answer any feeling deviating from natural driving feeling.
Discussion
This paper has investigated the feasibility to control velocity perception by using change of frequency and intensity of seat vibration. The results indicate that velocity perception is changed by controlling the frequency characteristic of vibrotactile stimulation. Significant effect appeared in Condition B. Although there is no significant difference in Condition A, a tendency of the effect of Condition A seems to be consistent with the effect of the Condition B. In contrast, there is no tendency of velocity perception change by using intensity-shifted vibrotactile stimulation. The result of velocity perception change varied among participants.
The measurement results of seat vibration in the actual vehicle support the results of the psychophysical experiments. The measurement results show that the peak frequency clearly increases with the rise of velocity whereas the intensity roughly increases. The psychophysical experiments indicate the availability of frequency to affect velocity perception. Therefore, the frequency information of vibrotactile stimulation might be useful for drivers to estimate the vehicle velocity, compared with the intensity.
The velocity differences between Condition B and the reference condition was about 3 km/h. It was not consistent with the actual difference resulting from the frequency shift from the reference condition. The actual difference was 10 km/h in the velocity. It might indicate that the velocity perception is influenced by visual, auditory, and tactile senses and their crossmodality. In the present experiment, a white line was excluded on the driving simulator in order to prevent too much concentration in watching the white line (not real driving). However, the white line and other environment might actually affect velocity perception in a real driving. In future, experiments will be improved to establish a situation close to actual driving to deeply investigate the effect of vibrotactile stimulation on velocity perception.
Conclusion
This paper has investigated the possibility of changing velocity perception by controlling the frequency or intensity of vibration on the seat. The measurement results of seat vibration in actual vehicle showed that the peak frequency clearly increases with the rise of velocity whereas the intensity roughly increases. The psychophysical experiments based on the actual characteristics of seat vibration indicates that velocity perception can be changed with the frequency-shifted condition.
In future, we will investigate a method of frequency shifted vibrotactile stimulation in actual vehicles (for example with a vibrator, damper or others). In addition, we will reveal the mechanism of velocity perception involving vibrotactile stimulation in order to control velocity perception by using vibrotactile stimulation.
